vhere  Zq  is  the  characteristic  impedjuice  of  the  coaxial  line,  for 
radially  emitted  electrons  from  the  inner  conductor  of  the  coaxial  line 
to  be  trapped  inside  the  outer  conductor  emd  be  swept  downstream.  If 
this  magnetic  insulation  is  not  present,  the  entire  current  output  of 
the  pulser  can  be  shunted  off  through  field  emission  in  the  coaxial 
lines.  The  45-deg  bend  in  the  coaxial  line  reduces  the  magnetic  field 
by  about  30  percent  and  puts  severe  limits  on  the  gap  impedance. 

It  is  shown  in  the  appendix  that  the  turnaround  distance,  r,  of  a 
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1 . INTRODUCTION 


The  AURORA  Facility  is  sponsored  by  the  Defense  Nuclear  Agency  (DNA) 
and  operated  by  the  Harry  Diamond  Laboratories  (HDL)  to  simulate 
nuclear-weapon  gamma-ray  induced  radiation  effects.  The  facility  has 
been  operationed.  since  April  1972.  The  output  of  the  simulator  in  the 
bremsstrahlung  mode  is  described  in  the  AURORA  Facility  User's  Brochure. 

The  simulator  is  the  largest  of  a class  of  machines  known  as  flash  x 
rays.  All  of  these  machines  involve  the  slow  charge  (microseconds  to 
seconds)  of  a pulse-forming  line  and  the  production  of  a fast  pulse  (10 
to  100  ns)  by  the  discharge  of  the  line.  The  AURORA  simulator  uses  a 
12-MV,  5-MJ  Marx  generator  to  charge  four  trlaxial  pulse-forming  lines 
(Blumleins) . The  theory  and  the  operation  of  the  pulser  have  been 
described  in  detail  by  the  designers. ^ In  the  normal  bremsstredilung 
mode,  each  of  the  four  diodes  delivers  eui  electron  beam  of  10  MeV, 
290  kA,  200  ns  onto  a tantalum  target  using  110  kV  charging  voltage  on 
the  Marx  generator.  This  condition  amounts  to  2.9  MJ  total  energy 
delivered. 

The  conversion  from  the  flash  x-ray  mode  to  the  pulsed  beam  mode 
consists  essentially  of  replacing  the  bremsstrahlung  target  with  a thin 
window  and  allowing  the  beam  to  pass  from  the  acceleration  region  into  a 
drift  region  where  the  beam' s behavior  is  controlled  by  its  own  electric 
and  magnetic  fields. 

A review^  of  previous  beam  studies  contains  a list  of  references 
through  1971.  These  studies  cover  the  work  that  is  pertinent  to  this 
report.  Reference  to  more  recent  works  can  be  found  in  books  by 
Davidson^  and  by  Lawson. A sketch  of  the  theory  of  beam  propagation 
is  given  in  section  2 of  this  report,  and  a more  rigorous  treatment  is 
given  by  Davidson^  and  by  Lawson.** 

The  electron  beam  conversion  of  the  AURORA  pulser  was  undertaken  by 
the  AURORA  staff  less  than  1 year  after  the  facility  was  opened  to 
users.  In  April  1973,  the  first  becun  experiments  were  conducted. 
These  experiments  have  continued  under  funding  by  DNA  in  the  following 
fields : 

• Structures  and  materials  heating 

• Pinched  beam,  high  intensity  bremsstrahlung  production 

• Collective  ion  acceleration 

^B.  Bernstein  and  I,  Smith,  IEEE  Trans.  Nucl.  Sci.,  NS- 20  (1973),  294, 

2s.  E.  Graybill,  IEEE  Trans.  Nucl.  Sci.,  NS-18  (1971),  438. 

^Ronald  C.  Davidson,  Theory  of  Nonneutral  Plasmas,  W.  A.  Benjamin, 
Inc.,  Reading,  MA  (1974). 

V.  D.  Lawson,  The  Physics  of  Charged  Particle  Beams,  Clarendon  Press, 
Oxford  (1977). 
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This  report  deals  mainly  with  the  becun  parameters  useful  to  the 
materials  and  structures  response  experimenters. 


2 . THEORY 

Figure  1 depicts  the  basic  forces  acting  on  a beam.  The  electrons 
are  accelerated  from  the  cathode  to  the  anode,  which  is  thin  compared  to 
the  remge  of  the  electrons.  (The  cathodes  in  these  pulsed  high  voltage 
machines  2ure  field-emission  initiated  plasma  sources,  which  result  in  a 
space-charge-limited  electron  flow. ) The  electrons  pass  through  the 
window  into  the  drift  region,  vdiere  the  only  fields  present  axe  from  the 
beam  Itself.  The  beam's  circumferential  magnetic  field  produces  a 
compressive  force  on  the  beam,  and  the  radial  electric  field  produces  a 
divergent  force  on  the  beam.  Magnetic  interaction  of  the  beeun  with  the 
wall  return  current  stabilizes  the  beeun  toweurd  the  center  of  the  drift 
tube.  The  plasma  return  current  reduces  the  net  current  in  the  drift 
chamber  euid  therefore  reduces  the  magnetic  field. 


-I,  WAU  RETURN  CURRBfT 


Assuming  a beam  long  compared  to  its  diameter  amd  of  uniform  current 
density,  the  repulsive  coulomb  force  and  the  magnetic  compressive  force 
are 


J 


and 


0 < r < Tb  , 

rfa  :S  r < =0  , 


where 

e = charge  of  electron  in  coulombs, 

= radial  electric  field  in  volts  per  meter, 

B = v/c, 

B -v/c, 
r r 

3-  = v/c, 

z z 

V = electron  velocity  in  meters  per  second, 

v^  = radial  velocity, 

v^  = longitudinal  velocity, 

c = velocity  of  light  in  vacuum  in  meters  per  second, 
p = permeability  of  free  space  in  henries  per  meter, 
e = permittivity  of  free  space  in  farads  per  meter, 
f = ratio  of  plasma  ion  to  beam  electron  density, 

1 = net  current  in  amperes, 

r >>  radial  disteuice  in  meters, 
rb  ^ beam  radius  in  meters, 

®0  = circumferential  magnetic  field  in  tesla. 

The  net  inward  force  in  the  beam  is 

eE^(net)  = ev^B^  ' eE^  = | ^(B^  - 1 + f)  , 0 


r 


Therefore,  the  beeun  will  be  magnetically  self-confined  if  the 
ionization  fraction  f > 1-6^  = lA^  » where  Y = (eV/mc^ ) +1.  A 1-MeV 
beam  needs  £d3out  a 10-percent  ion-to-electron  ratio  and  a 10-MeV  beam 
needs  cQxjut  a 0.25-percent  ratio  to  satisfy  this  condition. 

The  first  calculations  of  the  behavior  of  self-pinched  beams  were 
done  by  Bennett,^  followed  by  a very  useful  zmalysls  by  Lawson.^ 
Lawson's  analysis  contains  many  simplifying  assumptions.  He  assumes 
uniform  current  density,  charge  neutralization,  a beam  long  compared 
to  its  radius,  and  most  importcmtly  he  assumes  small  radial  motion,  or 
B <<  6 = constemt.  This  is  the  paraxial  approximation,  which  permits 

one  to  ^perform  a simple  calculation  of  the  peurticle  trajectories. 
Assuming  charge  neutralization  and  remoteness  from  the  beam  front 
in^lies  that  the  electrons  have  a constant  Y since  there  are  no 
potential  gradients. 

With  these  assumptions,  we  C2ui  write  a simple  radial  equation  of 
motion , 

-eB  cpI 

Ymr  = -eB  cB  = r , 0 < r < r,  , 

z 0 _ 2 b 

2Tirr 

b 


v^ere  m « mass  of  electrons  in  kilograms. 

Having  assumed  Bz  = ® = constant,  then  r ■ (dr/dz)  (dz/dt)  = 

(dr/dz)  Be  eind  V = 02^,2  (d^r/dz^) , so 

d^r  . epi 

+ 15 r = 0 

dz^  2Tir^m6YC 


Lawson  defined  the  dimensionless  parauneter  v/y  , where  v is  the 
number  of  electrons  per  classical  electron  radius  measured 
longitudinally  along  the  beam.  The  number  per  unit  length  is  given  by 
Ne  = I/e  Be,  and  the  classical  electron  radius  is  given  by  r = 
e2/4iranc^.  ® 


5W.  H.  Bennett,  Phys.  Rev.,  £5  (1934),  890;  9£  (1955),  1584. 

^J.  D.  Lawson,  J.  Electronics  and  Controls,  £ (1957),  587;  5 (1958), 
146.  ~ 
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V = N r 
e e 


and 


_v 

y 


le 


leii 


o . 3 6^4iiinc 

6Y4Tremc^ 


(using  = —i 

uej 


Then, 


d'^r  2v  r 


+ — — = 0 
.2 
b 


dz2  ^ r2 


The  solution  is  sinusoidal  with  wavelength  1 , where 


X 


For  the  paraxial  approximation  to  hold,  X > 2irr^,  and  therefore  v/y  < 
1/2  is  required.  (This  follows  from  requiring  ldr/dz|  < 1.) 


Evaluating  the  constants. 


1 , 1 

Y “ 17,0006y 


v/Y  is  inversely  related  to  the  gap  impedance.  Since 


9 


3y  = (y^  - l)** 

wd 


where  = V/I  is  the  gap  impedcince. 

One  can  also  derive  the  v/y  limit  by  considering  the  Larmor  radius, 
p , of  am  electron  at  the  edge  of  the  beam; 

Li 

O 2Trr, 

_ £ my  Be  b 

eB  “ e ul 


where  p is  the  electron  momentum. 

Then  " 2v/y,  so  when  v/y  = 1/2,  the  Larmor  radius  is  equal  to 
the  beam  radius,  and  the  beam  would  not  be  expected  to  propagate 
efficiently. 

The  behavior  of  electron  beams  as  predicted  by  the  preceding 
calculations  has  been  well  verified. 2 it  has  been  experimentally 
observed  that  beams  achieve  force  neutralization  and  become 
self-focusing  at  about  0.1  Torr  of  background  gas.  This  pressure  of 
0.1  Torr  is  slightly  higher  than  one  would  calculate  with  the 
relationships  just  presented,  due  to  the  effect  of  beam  divergence  and 
scatter  on  entrance  into  the  drift  chamber.  Minimum  net  current,  that 
is,  when  most  of  the  return  current  is  carried  in  the  plasma,  is  always 
observed  at  about  1 Torr  of  pressure.  Beams  propagate  most  efficiently 
at  minimum  net  current  and  propagate  only  if  I /17,000By  < 1.^  For 
beams  of  1 r one  needs  an  external  magnetic”! leld  to  keep  the  beam 
from  collapsing.  Extremely  high  v/y  beams  such  as  those  from  each  of 


2s.  E.  Graybill,  IEEE  Trans.  Nucl.  Sci.,  NS-18  (1971),  438. 

n 

P.  Spence  and  G.  Yonas , Record  of  the  10th  Symposium  on  Electron,  ion 
and  Laser  Beam  Technology,  L.  Marton,  Ed.,  IEEE  Catalog  No.  69C22-Ed 
(1969),  443. 
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the  CASINO  diodes  (at  the  Naval  Surface  Weapons  Center),  where  vA  =20, 
utilize  both  plasma  return  currents  to  minimize  ^net  applied 
magnetic  fields  of  about  20  kg.  The  AURORA  beeun  studies  liave  all  been 

at  v/Y  1. 


3.  BEAM  CONVERSION 


To  nuuclmlze  the  bremsstrahlung  field,  the  termination  of  the  vacuum 
coaxial  lines  which  form  the  bremsstrahlung  targets  Is  not  cyllndrlcally 
symmetric.^  In  figures  2 and  3,  a bremsstr£dilung  anode  tip  Is  shown  on 
the  upper  left  of  the  four  vacuum  coaxial  lines.  The  first  beam 
conversion  consisted  of  extending  this  upper  left  coaxial  line.  This 
extension  required  removing  the  other  three  euiode  tips,  grounding  the 
other  three  tubes,  and  Installing  dummy  loads  on  those  Blumlelns.  These 
early  beeun  experiments  were  successful,  but  the  turnauround  time  from  the 
bremsstrahlung  to  beam  operation  was  almost  1 week. 


AURORA  electron  beam  hardware 


B.  Bernstein  and  2.  Smith,  TEEE  Trans.  Nucl.  Sci.,  NS-2C  (1973),  294 


728-74(2) 

Figure  3.  AURORA  electron  beam  hardware  showing  titanium  beam  window. 


To  shorten  the  conversion  time  and  to  operate  in  the  horizontal 
world,  the  equipment  shown  in  figures  2 and  3 was  built  to  fit  on  the 
lower  left  coaxial  line.  This  method  allows  the  beam  to  be  operated 
without  any  change  in  the  other  three  lines,  which  pulse  in  the  normal 
bremsstrahlung  mode.  This  conversion  can  be  and  has  been  done  in  1 day. 
A 45-deg  bend  is  placed  in  the  vacuum  coaxial  line,  followed  by  the 
window  anode  shown  in  figure  3 at  the  end  of  a straight  section.  The 
vacuum  coaxial  line  is  a 50- n structure  with  a 1.22-m-diameter  outer 
conductor  and  a 0.53-m-diameter  inner  conductor.  These  dimensions  were 
continued  into  the  beam  equipment.  The  transmission  window  is  0.91  m in 
dicuneter  and  is  0.04-cm-thick  titanium.  The  drift  chamber  is  1.22  m in 
dicuneter  and  1.22  m long. 


The  vacuum  coaxial  lines  require  magnetic  insulation  to  work 
properly.^  It  is  shown  in  appendix  A that  it  is  necessary  for 


B.  Bernstein  and  I.  Smith,  IEEE  Trans.  Nucl . Sci . , NS-20  (1973),  294 


where  Zg  is  the  characteristic  impedance  of  the  coaxial  line,  for 
radially  emitted  electrons  from  the  inner  conductor  of  the  coeucial  line 
to  be  trapped  inside  the  outer  conductor  cmd  be  swept  downstream.  If 
this  magnetic  insulation  is  not  present,  the  entire  current  output  of 
the  pulser  can  be  shunted  off  through  field  emission  in  the  coaxial 
lines.  The  45-deg  bend  in  the  coaxial  line  reduces  the  magnetic  field 
by  about  30  percent  and  puts  severe  limits  on  the  gap  impedance. 

It  is  shown  in  the  appendix  that  the  turnaround  distamce,  r,  of  a 
radially  emitted  electron  is  given  by 


where  r^  is  the  radius  of  the  inner  conductor  cuid  Zo  is  the 
characteristic  impedance  of  the  line.  Figure  4(a)  shows  the  turnaround 
radius  as  a function  of  beam  impedance  for  the  case  of  the  50- fi  coaxial 
line  and  various  beam  currents.  Figure  4(b)  shows  the  same  calculation 
where  the  magnetic  field  is  reduced  by  27  percent  by  the  45-deg  bend. 


The  results  to  date  with  the  bent  coaxial  line  indicate  that  there 
is  some  loss  from  emission  in  the  line  when  the  anode-cathode  gap  is 
cibout  30  fi.  Attempts  to  produce  lower  impedance  gaps  have  failed, 
possibly  because  the  cathode  "turn  on"  time  (the  time  required  to  form 
the  cathode  plasma)  is  long  enough  for  the  emission  in  the  line  to  start 
in  spite  of  the  geometrical  gap  impedcince. 

The  first  cathode  used  was  similar  to  the  bremsstrahlung  cathode. 
It  was  a torus  with  a 0.53-m  major  diameter  and  a 5-cm  minor  diameter. 
The  beeim  produced  by  it  did  not  pinch,  and  only  low  energy  fluences  were 
obtained.  The  next  cathode  used  was  a 0. 53-m-diameter  hemisphere,  which 
produced  a suitable  beam.  However,  on  many  occasions  there  was 
considerable  damage  to  the  end  of  the  cathode.  It  was  concluded  that 
the  damage  was  due  to  the  electrons  flowing  during  the  voltage  reversal, 
which  occurs  200  ns  after  the  pea)c  of  the  main  pulse.  This  reversal  is 
about  1 MeV  and  100  kA,  according  to  the  pulser  diagnostics  and, 
occurring  this  late  in  time,  is  probably  a well-pinched  beam  due  to  ions 
in  the  gap.  The  first  solution  to  this  problem  was  to  use  carbon  £uid 
steel  caps  on  the  aluminum  hemisphere,  but  the  best  results  were 
obtained  by  the  present  hemisphere  with  a 15.2-cm  hole  on  center 
surrounded  by  a rollup.  All  the  data  in  this  report  are  from  this 
cathode  at  a spacing  of  23  cm. 
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The  relative  entrance  current  density  was  measured  with  the  blue 
cellophane  dosimetry  system.®  This  blue  cellophane  (Dupont  MSC>-300)  is 
a dosimeter  that  increases  in  its  transmission  of  light  at  the 
transmission  minimum  (approximately  650  nm)  in  proportion  to  the 
absorbed  dose.  The  cellophane  reader  uses  a helium-neon  laser  at 
632.8  nm,  which  is  sufficiently  close  to  the  transmission  minimum. 
Since  the  cellophane  is  a thin  (3.5  mg/cm^)  dosimeter  emd  the  beam 
electrons  are  in  the  MeV  range,  where  the  stopping  power  is  only  weakly 
dependent  on  energy,  the  dose  is  proportional  to  the  incident  charge 
density  and  is  given  by 


D 


1 dE 
p dx 


where 

D is  the  dose  in  J/g, 

(1/P) (dE/dx)  is  the  stopping  power  in  MeV-cm^/g, 
is  the  electron  fluence  in  pC/cm^ . 

Since  1 Mrad  is  equal  to  10  J/g  and,  for  carbon. 


^ „ 2 

p dx  g 


then  5 pC/cm^  produces  about  1 Mrad  in  the  cellophane. 

Figure  5 shows  the  change  in  transmission  of  the  cellophane  as  a 
function  of  radius  at  the  beam  entrance  window.  These  data  are  from  two 
shots  which  were  superimposed  on  the  same  cellophane  to  raise  the 
signal.  The  sensitivity  of  the  system,  stated  by  the  manufacturer,  is  D 
(Mrad)  = (1/2) AT,  where  AT  is  the  increase  in  trcinsmission.  The 
calculated  charge  density  integrated  over  2Trr  dr  then  yields  a total 
charge  of  4.4  '<  10“^  C.  Since  the  pulse  width  is  200  ns,  we  calculate  a 
current  of  =220  kA,  which  is  in  reasonable  agreement  with  the  pulser 
diagnostics. 


^SPI~Rad  Thin  Film  Dosimetric  System,  Simulation  Physics  Inc. , 
Burlington,  HA  [n.d.]. 
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BEAM  RAOUS  (OR) 

Figure  5.  Current  density  at  beam  window  measured  with 
blue  cellophane:  0. 53-m-diameter  hemispher- 
ical cathode  and  0.23-m  anode-cathode  gap. 


Figure  6 shows  the  normalized  integrated  current  as  a function  of  r, 

I(r)  ^ ^0 
^ /jMSirr  dr 

where  r.  is  the  radius  of  the  beeun;  most  of  the  current  is  inside  a 
0.48-m-diameter  circle. 

The  voltage  and  the  current  are  determined  by  the  pulser  diagnostics 
operated  and  calibrated  by  the  AURORA  Operation  and  Maintenance  Group 
and  have  been  corroborated  by  depth  dose  measurements  (sect.  5) . 
Representative  voltage  and  current  waveforms  are  shown  in  figure  7. 
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BEAM  RADWS  (CM) 


Figure  6.  Integrated  electron  beam  current  density  as  function  of 
radius,  normalized  to  total  current: 

0. 53-m-diameter  cathode  and  0.23-m  anode-cathode  gap. 


The  voltage  monitor  is  a capacitive  sensor  on  the  inside  surface  of 
the  outer  element  of  the  vacuum  coaxial  line.  (This  monitor  was 
designed  and  constructed  by  AURORA  personnel.)  The  current  monitor  is  a 
7-mf2  belt  of  carbon  resistors  that  interrupts  the  return  current  in  this 
outer  element  of  the  coaxial  line.  These  monitors  are  of  the  seune  type 
as  used  on  the  HDL  HIFX  Facility .9  The  voltage  pulse  has  been  corrected 
for  the  capacitive  discharge  that  takes  place  during  the  pulse.  It  is 
easy  to  show  that 

1 t 

V(t)  = Vo(t)  + Vo(t)  dt  , 

where  V(t)  is  the  corrected  voltage  pulse  from  the  monitor,  Vq (t)  is  the 
observed  pulse,  and  RC  is  the  time  constant  of  the  monitor.  In  the  case 
of  the  monitor  used  here,  the  RC  time  is  2600  ns. 


■^F.  J.  Sazama  and  A.  G.  Stewart,  Design  emd  Testing  of  a Current  and 
Voltage  Monitor  for  HIFX,  Harry  Diamond  Laboratories  TR-1558  (1971). 
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Figure  7. 


AURORA  diode  voltage  and  current  at  90-kV 
charging  voltage:  (a)  cathode  voltage  as 
function  of  time  and  (b)  cathode  current 
as  function  of  time. 


The  voltage  and  current  traces  are  digitized  by  using  the 
Hewlett-Packard  9820A  programmable  calculator,  which  also  interpolates 
values  at  equal  time  increments  and  corrects  the  voltage  trace  for  the 
capacitive  slump.  The  equal  time  interval  current  and  voltage  data  are 
entered  in  a program  called  EBSPEC,^°  which  calculates  an  electron 
spectrum.  The  use  of  these  spectra  is  discussed  in  section  5.  Table  I 
summarizes  the  beam  parameters. 


The  110-kV  charging  voltage  is  the  normal  maximum  operating  level, 
but  90  kV  was  used  for  almost  all  of  the  beam  shots  to  extend  the  period 
between  machine  failures.  The  90-kv  chcu:ging  voltage  beam  was  used  for 
all  of  the  data  reported  in  the  following  sections,  except  where 
otherwise  noted. 

Technical  Report:  Program  EBSPEC,  Simulation  Physics  Inc. 
Technical  Report  TR-71-06  (1971). 


TABLE  I . ELECTRON  BEAM  PARAMETERS 


Parameter 

Charging  voltage 

90  kV 

no  kV 

Max  electron  energy 

8 MeV 

10  MeV 

Max  beam  current 

240  kA 

290  kA 

Total  beam  energy 

290  kJ  (primary  pulse)  + 30  kJ 

480  kJ 

in  first  reflection 

Pul se  width 

200  ns  FWHM 

200  ns  FWHM 

Av  electron  energy 

5.6  MeV  j 

7 MeV 

4.  ENERGY  FLUENCE  MEASUREMENTS 

The  materials  response  experimenter  must  know  the  energy  fluence  and 
the  energy  depth  deposition  to  calculate  the  response  of  the  materials. 
The  beam  must  be  reproducible  since  the  only  type  of  diagnostics  that 
can  be  used  on  a sample  exposure  is  a thin  foil  calorimeter. 

The  energy  fluence  is  normally  measured  with  a total  stopping 
calorimeter.  The  beam  energy  is  absorbed,  usually  in  c2u:bon,  and  the 
temperature  rise  of  the  absorber  is  measured.  Figure  8 shows  the 
segmented  carbon  calorimeter  manufactured  by  Simulation  Physics  Inc. 
(SPI)  and  used  at  AURORA.  There  are  53  absorbers,  each  a 3.8-cm-thick 
piece  of  carbon  with  a Chromel-Alumel  thermocouple  attached  to  the  rear. 
The  "cold"  junction  is  at  room  temperature  emd  occurs  where  the 
thermocouple  leads  are  connected  to  feed-through  connectors.  The 
contiguous  absorbers  cover  an  18-cm-di£uneter  circle,  with  the  four 
2.5-cm-diameter  outer  probes  centered  on  a 26-cm- diameter  circle.  Each 
thermocouple  junction  voltage  is  carried  to  the  data  room  on  a twisted 
shielded  pair  cable  which  passes  through  relays  (which  are  opened  at 
shot  time)  and  through  low  pass  filters.  The  voltage  is  read  out  with 
S-PV  precision  on  a Vidar  data  scamner.  The  carbon  absorbers  take 
several  seconds  to  come  to  their  equilibrium  temperature  and  have  a 
thermal  decay  time  of  several  minutes  so  that  the  calorimeters  cem  be 
isolated  from  the  Vidar  unit  at  shot  time  with  the  relays  emd  connected 
immediately  after  the  shot;  thus,  the  high  voltage  transients  are 
isolated  from  the  data  sccinner. 
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Figure  8.  Graphite  beam  mapping  calorimeter  head. 


The  calibration  of  the  absorbers  has  been  supplied  by  SPI  and 
includes  the  variation  of  the  specific  heat  of  carbon  with  temperature 
and  the  nonlinearity  of  the  thermocouple  output.  The  calibration  curve 
has  been  fitted  with  a cubic  equation,  and  the  data  are  reduced  on  the 
Hewlett-Packard  9820A. 

Figure  9 shows  the  fluence  versus  the  radius  for  two  beam  drift 
distances.  The  10-cm  drift  distance  produces  the  maximum  fluence 
obtained  from  this  beam.  (The  first,  45-deg,  beam  chamber  produced 
fluences  about  30  percent  higher.)  The  25-cm  drift  distance  produces  a 
lower,  more  uniform  fluence.  These  radial  plots  are  obtained  by 
averaging  the  fluence  seen  in  the  eight  segments  of  each  ring;  this 
averaging  is  valid  if  the  beam  is  reasonably  symmetric.  Figure  10  shows 
the  isofluence  contours  for  shot  2069,  which  are  nearly  cylindrically 
symmetric . 

The  integrated  energy  over  the  entire  calorimeter  array  for  shot 
2069  is  187  kJ,  or  about  60  percent  of  the  total  beam  energy.  The 
remaining  40  percent  of  the  energy  falls  outside  the  calorimeter  amd,  in 
most  cases,  is  wasted.  This  loss  is  the  price  of  using  a self-focused 
beam,  as  opposed  to  using  external  magnetic  guide  fields. 
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Figure  9.  Energy  fluence  versus  radius  (90-kV 
charging  voltage) : (a)  shot  2069, 

10-cm  drift  distance,  and  (b)  shot 
1891,  25-cio  drift  distance. 


It  is  clear  from  these  fluence  versus  radius  plots  that  there  is  a 
trade-off  to  be  made  between  fluence  2uid  area  for  a given  uniformity. 
At  45-cm  drift  distance,  the  fluence  is  down  to  about  20  cal/cm^,  but  is 
almost  uniform  across  the  calorimeter.  Plots  of  fluence  versus  drift 
disteuice  amd  of  beam  radius  versus  drift  disteuice  are  shown  in 
figure  11. 

In  the  original  beeun  setup  (45-deg  chaunber)  , a study  was  made  of  the 
beaun  reproducibility;  the  fluence  calorimeter  showed  no  worse  tham  a 
13-percent  rms  scatter  on  auiy  single  chamnel  for  eight  shots.  This  is  a 
severe  test  since  it  taJ^es  both  beaun  wauader  euad  machine  vauriation  into 
account. 
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RADMS  AT  WHEH  RUENCE  IS  1/2  OF  MAXMUM  VALUE  (cm) 


5.  ENERGY  DEPOSITION 


The  material  response  experimenter  must  know,  in  addition  to  the 
energy  fluence  already  discussed,  the  energy  depth  deposition  profile. 
If  one  knows  the  electron  energy  spectrum,  the  depth  dose  is,  in 
principle,  calculcUole.  This  section  describes  the  comparison  of  such 
calculations  with  experimental  results. 

The  electron  spectrum  was  derived  from  the  current  and  voltage 
profiles  in  figure  8 and  is  shown  in  figure  12(a).  The  voJtage  and  the 
current  are  digitized  for  input  into  the  computer  code  EBSPEC,^®  which 
calculates  the  electron  spectrtim,  among  other  results.  The  low  energy 
peak  between  2.5  and  3.5  MeV  is  a result  of  the  reflection  seen  in  the 
current  and  voltage  pulses.  The  average  electron  energy  in  the  spectrum 
is  5.6  MeV. 

The  effect  of  the  0.04-cm-thick  titanium  window  was  calculated  by 
using  the  above  spectrum  as  input  into  the  Monte  Carlo  transport  program 
EZTRAN. The  calculated  spectrum  of  the  electrons  emerging  from  the 
titanium  window  is  shown  in  figure  12 (b) . The  average  electron  energy 
is  reduced  to  5.3  MeV.  This  average  energy  loss  of  300  keV  agrees  with 
that  calculated  by  using  the  window  thickness  and  dE/dx  for  relativistic 
electrons . 

Finally,  this  spectrum  is  used  as  input  into  EZTR/m  to  calculate  the 
deposition  profile  in  a given  material.  EZTRAN  can  handle  alloys  by 
averaging  the  atomic  nximbers  weighted  by  their  fraction  of  the  total 
weight,  but  cannot  treat  laminates.  Deposition  calculations  have  been 
done  for  aluminum,  iron,  and  tantalum;  the  results  are  shown  in 
figure  13.  (A  new  transport  program  named  "TIGER"  is  in  use  and  CcUi 
treat  laminates  of  different  materials.) 

The  experimental  points  were  measured  by  using  the  blue  cellophane 
^Ll.ready  discussed  in  section  3.  The  cellophane  dosimeters  are 
sandwiched  between  absorbers,  and  several  shots  were  superimposed  for 
each  measurement.  Also,  single  shot  calorimeter  measurements  were 
performed  and  were  in  substantive  agreement  with  the  blue  cellophane 
measurements.  The  cellophane  has  one  great  advantage  over  calorimeters 
in  that  the  absorbers  do  not  have  to  be  separated  to  avoid  thermal  cross 
talk  so  that  the  experiment  comes  nearer  to  the  assumption  of  the  EZTRAN 
calculation  of  a uniform  homogeneous  absorber.  The  experimental  points 

Technical  Report:  Program  EBSPEC,  Simulation  Physics  Inc. 
Technical  Report  TR-71-06  (1971) . 

A.  Halbleib,  Sr.,  and  W.  H.  Vandevender,  EZTRAN — A User-Oriented 
Version  of  the  ETRAN  15  Electron-Photon  Monte  Carlo  Technique,  Semdia 
Laboratories,  Albuquerque,  NM,  Report  SC-DR-71  0598  (September  1971), 
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cire  shovm  in  figure  13;  the  agreement  with  EZTRAN  is  good  for  aluminum 
and  iron.  In  tantalum,  the  extrapolated  remges  of  theory  and  experiment 
agree,  but  the  calculated  front  surface  dose  is  larger  them  that 
measured.  This  discrepancy  is  not  understood  at  this  time. 


Figure  12.  Electron  energy  spectrum  (90-kV 
charging  voltage) : (a)  initial 

spectrum,  calculated  from  cur- 
rent and  voltage  profiles,  SV  = 
5.6  MeV,  and  (b)  spectrum  after 
passing  through  0. 04-cm-thick 
titanium  window — initial  spec- 
trum used  as  input  to  EZTRAN 
code,  SV  = 5.3  MeV. 
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•EXPBMENTAL  POMTS 


Figure  13.  AURORA  electron  becun  measured  energy  deposition 
con^ared  with  treuisport  calculation  (90-kV 
cheirging  voltage) . 


6.  BEAM  APPLICATIONS  | 

1 

The  prime  reason  for  the  development  of  this  beam  was  materials  and 
structures  heating.  Electrons  provide  the  only  way  to  get  large,  pulsed 
doses  up  to  several  hundred  megarads  in  the  laboratory,  albeit  with  some 
disadvantages.  The  main  drawback  is  that  the  deposition  profile  is  i 

usually  not  what  the  experimenter  desires.  Also,  the  deposition  profile  ’ 

is  not  known  at  high  fluences,  nor  can  it  be  accurately  calculated.  The  ! 

spectnim  is  typically  obtained  from  current  and  voltage  data  euid  j 

sometimes  measured  at  low  fluence  levels.  The  deposition  profile  is 
necessarily  measured  at  low  fluence  levels.  But  high  fluences  occur  at  ^ 

the  beam  pinches  where  angles  of  incidence  are  un)tnown  eUid  dB/dt  effects 
may  influence  the  spectrum. 

Two  interesting  applications  have  been  made  of  the  AURORA  beam  by 
other  personnel  of  HDL.  In  one  application,  2m  aluminum  cylinder  was 
covered  with  lead  to  provide  a large  front  surface  Impulse  from  the  lead 
blowoff  at  the  same  time  that  the  aluminum  was  heated  in  depth.  In 
another  application,  a fluidic  circuit  was  exposed  to  a low  fluence. 

For  this  application,  the  beam  was  brought  out  through  a second  window 
into  the  test  cell,  so  the  sample  could  be  worked  on  without  letting  the 
tube  and  the  drift  chamber  up  to  air.  > 


other  experiments,  not  in  the  materials  area,  have  been  done  by 
AURORA  personnel  and  will  be  reported  separately.  One  of  these  was  a 
study  of  the  bremsstrahlung  from  a tungsten  carbide  teurget  placed  at  the 
beeun  pinch  (10-cm  drift  distance) . We  observed  200  krads  (Si)  of 
bremsstrcihlung  over  a 5-cm  diameter  spot  at  a dose  rate  over  2 x 
10^2  rads  (Si)/s.  Another  experiment  involved  collective  ion 
acceleration,  where  30  to  40  MeV  a particles  were  obtained  from  a 
helium-filled  drift  chamber. 


7.  PROBLEMS  TO  BE  SOLVED 

There  is  still  an  annoying  current  loss,  probedoly  due  to  the  bend  in 
the  coaxial  line.  To  reduce  this  loss,  one  might  employ  lower  gap 
impedances  (although  attempts  to  do  so  have  been  unsuccessful)  or  reduce 
the  bend  to  the  minimum  (30  deg)  that  would  still  allow  a horizontal 
beam.  Also,  one  might  consider  going  back  to  the  45-deg  beam,  but  with 
tapered  anode  tips  on  all  four  coaxial  lines  to  avoid  having  to  ground 
tubes  and  install  dummy  loads. 

Also,  we  should  consider  an  external  magnetic  guide  field.  The 
problem  is  that,  for  the  2 to  4 tesla  needed  over  a cubic  meter,  several 
mega joules  of  magnetic  field  is  needed.  The  expense  of  forming  this 
field  by  the  conventional  capacitor  method  is  huge,  but  recent  work  on 
homopolar  generators'^  might  meike  this  feasible. 


8.  SUMMARY 

The  AURORA  pulser  has  been  modified  to  produce  an  electron  beam  of 
8 MeV,  240  kA,  200  ns,  300  kJ  in  a drift  chamber.  Fluences  of 
500  cal/cm^  down  to  tens  of  cal/cm2  have  been  produced.  The  energy 
deposition  in  aluminum  is  a maximtim  of  0.5  cal/g/cal/cm^  at  about 
l-g/cm^  depth.  The  beam  has  been  successfully  used  for  structures 
testing,  fluidic  circuit  irradiation,  high  intensity  bremsstrahlung 
production,  and  collective  ion  acceleration.  The  beam  is  reproducible 
from  one  setup  to  another. 
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APPENDIX  A.— MAGNETIC  INSULATION 


In  the  design  of  the  AURORA  pulser.  Physics  International  Co.  (PI) 
recognized  that,  to  bring  the  power  from  the  four  Blumleins  to  four 
closely  spaced  targets,  they  would  need  longer  cathode  stalks  than  had 
been  necessary  in  previous  smaller  machines.  These  stalks,  which 
together  with  their  outer  conductors  are  known  as  the  "vacuum  coaxes , " 
are  long  enough  to  be  treated  as  transmission  lines.  Further,  PI 
realized  that  the  current  loss  due  to  field  emission  from  the  large  area 
of  the  vacuum  coax  could  be  catastrophic.  Although  field  emission 
currents  at  these  field  strengths  are  less  than  1 A/ cm2  ^ the  cireas  of 
the  vacuum  coaxes  are  over  2 x 10^  cm^  each.  Therefore,  only  if  the 
field  emission  current  from  the  inner  coax  element  is  magnetically 
suppressed  can  the  large  area  coax  idea  work. 

Assuming  cylindrical  symmetry,  we  calculate  the  conditions  under 
which  an  electron  emitted  from  the  inner  coax  surface  at  radius  r^,  is 
turned  back  by  the  magnetic  field  before  hitting  the  outer  wall  at 
radius  r . In  this  single  particle  model,  the  electron  is  bent 
downstream  and  back  to  the  inner  coax  element,  where  the  process  is 
repeated  so  that  there  is  a net  downstream  motion  of  the  field  emitted 
electrons . 

The  magnetic  field  is 
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yi 

2Trr 


where  I is  the  cathode  current  and  u is  the  permeability  of  free  space. 
The  electric  field  is 


E = 
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where  is  the  cathode  voltage,  and  the  electron  energy  is 
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The  magnitude  of  the  electron's  momentum  is  related  to  its  energy  by 


Ip  I = mc(Y^  - l) ^ = me 


;(Vc  - V,' 

+ ^ / 

2 

mc^ 

mc^  1 

» - 

1 

/ 

As  the  electron  is  accelerated  toward  the  outer  coax,  the  Bg  field 
pushes  it  downstream  with  a force  of  = eBg  dr/dt.  The  magnitude  of 
momentum  is  a function  only  of  radial  position,  and  the  magnetic  field 
can  change  only  the  direction  of  the  electron's  momentum.  The  z 
component  of  momentum  is  given  by 


./F^  at  ./'  eB,  at  . |il  i„  i 


The  electron  has  been  turned  when  “ |p|  when 


Multiplying  both  sides  by  (c/e)  [^(In  r^/r^)/(ln  r/r^)!  , 


Since 


U_c  ^ 1 /P\ 
2it  2tt  \e  ) 
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we  recognize  the  transmission  line  characteristic  impedance  on  the  left. 
Denoting  it  as  Zq  and  squaring  both  sides, 

r 

In  — 

2 


In  — 
r . 
1 


Defining  the  beam  "impedance"  as  V/I  = Z^, 


— - 1 * 2 


,mc^  ^i  _ 2mc^  

-c  in  f-  ■ '''c  (in 


The  turning  point  r is  then  given  by 


mc^  ^0 
eVc 


eVc 

, r Zit  Ve  / 


Once  again  noting  that  mc^/e  = 5.11  x lo^  V and  (I/Ztt)  (p/e)^  = 60  0, 


we  have 


17,000 

V Zo 


In  — 


©■  • 
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v^ere  r is  the  radius  at  which  the  electron  velocity  is  parallel  to  the 
cylinder  axis.  This  expression  is  more  commonly  stated  with  current  as 
the  independent  variable; 

V=  IZ^  ' 


Zo  Zb 


Going  back  to  a previous  expression, 


The  condition  under  which  the  electron  is  turned  back  without 
striking  the  outer  wall,  that  is,  the  condition  to  have  magnetic 
insulation,  requires  r„  > r so  that 


APPENDIX  A 


Magnetic  insulation  in  vacuum  coaxial  transmission  lines  has  been 
the  subject  of  recent  investigations  by  Physics  International  (PI)  and 
Sandia  Laboratories.  This  work  is  described  in  a PI  final  report.^ 


^P.  Champney,  M.  Di  Capua,  D.  Pellinen,  and  I.  D.  Smith,  Magnetic 
Insulation  in  Coaxial  Vacuum  Transmission  Lines,  Physics  International 
Co.  PIFR-937,  San  Leandro,  CA  ^January  1977) . 
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